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The HIV Nef protein mediates endocytosis of surface
receptors that correlates with disease progression,
but the link between this Nef function and HIV patho-
genesis is not clear. Here, we report that Nef-medi-
ated activation of membrane trafficking is bidirec-
tional, connecting endocytosis with exocytosis as
occurs in activated T cells. Nef expression induced
an extensive secretory activity in infected and,
surprisingly, also in noninfected T cells, leading to
themassive releaseofmicrovesicleclusters,apheno-
type observed in vitro and in 36%–87% of primary
CD4 T cells from HIV-infected individuals. Consistent
with exocytosis in noninfected cells, Nef is trans-
ferred to bystander cells upon cell-to-cell contact
and subsequently induces secretion in an Erk1/2-
dependent manner. Thus, HIV Nef alters membrane
dynamics, mimicking those of activated T cells and
causing a transfer of infected cell signaling (TOS) to
bystander cells. This mechanism may help explain
the detrimental effect on bystander cells seen in HIV
infection.
INTRODUCTION
Rapid progression of HIV infection in humans and animal models
is closely linked to the function of the viral Nef protein (Deacon
et al., 1995; Hanna et al., 1998; Kestler et al., 1991). In the pres-
ence of Nef, viral loads of up to 107 particles/ml are measured,
whereas HIV is barely detectable in individuals infected with
a Nef-negative mutant virus (Birch et al., 2001; Learmont et al.,
1999; Saag et al., 1996). The molecular mechanism(s) by which
Nef increases the viral load is (are) not understood; however,
the protein seems to activate T cell signaling pathways that
support this function by different means, including the promotion218 Cell Host & Microbe 6, 218–230, September 17, 2009 ª2009 Elsof particle release, viral infectivity, receptor downmodulation, and
antiapoptotic signaling (Fackler and Baur, 2002; Wei et al., 2003).
There is evidence, however, that Nef functions other than
those increasing viral load contribute to HIV pathogenesis. First,
high viral loads may not necessarily cause immunodeficiency, as
demonstrated for SIV-infected sooty mangabeys (Silvestri et al.,
2003). Second, Nef-transgenic mice develop AIDS-like symp-
toms in the absence of viral replication (Hanna et al., 1998; Lin-
demann et al., 1994). Third, it has been suggested that Nef’s
ability to downregulate CD4 rather than its replication-promoting
functions correlates with T cell depletion and pathogenesis
(Hanna et al., 2006; Iafrate et al., 2000; Stoddart et al., 2003).
The downregulation of CD4 and MHCI was the first function
ascribed to Nef and has been investigated thoroughly ever since
(Garcia and Miller, 1991; Lama, 2003; Le Gall et al., 1998; Piguet
et al., 1999). It is assumed that these receptors are transported
into lysosomes for accelerated degradation (Aiken et al., 1994;
Craig et al., 1998; Greenberg et al., 1997; Piguet et al., 1998;
Rhee and Marsh, 1994). In recent years, numerous more recep-
tors were found to be downregulated, including CD28 (Swigut
et al., 2001), CD3 (only SIV) (Schaefer et al., 2000), CD80,
CD86 (Chaudhry et al., 2005), CCR5 (Michel et al., 2005), and
CD8 (Stove et al., 2005), whereas the invariant chain CD74 was
upregulated (Stumptner-Cuvelette et al., 2001). The reason
why so many receptors are downregulated is not known.
Increased receptor endocytosis in T cells is also a conse-
quence of T cell receptor (TCR) activation (Geisler, 2004). In addi-
tion, the same stimulus activates exocytosis and secretion of
different cytokines (Jolly and Sattentau, 2007). Therefore, in
activated cells, both processes are tightly coordinated and
mediated by an activation of bidirectional membrane trafficking
(Gundelfinger et al., 2003). During this membrane transforma-
tion, larger endocytic compartments develop, like multivesicular
bodies (MVBs) or secretory lysosomes, and different forms
of vesicles are secreted, including exosomes (Fomina et al.,
2003) and shedding microvesicles (Cocucci et al., 2009). These
smaller vesicles contain a number of different surface molecules,
including MHC complexes, death ligands (FasL, TRAIL), andevier Inc.
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While their overall function is under debate, in vitro experiments
suggest a role in priming CD8 T cells, exchange of membrane
proteins (The´ry et al., 2002), and induction of apoptosis (An-
dreola et al., 2002; Bossi and Griffiths, 1999; Martı´nez-Lorenzo
et al., 1999; Monleo´n et al., 2001).
By employing a Nef-inducible system in combination with live
video and electron microscopy (EM), we found that Nef induces
bidirectional membrane trafficking identical to that in activated
T cells. This led to secretion of large microvesicle clusters
(MCs) from infected but also noninfected T cells. Noninfected
cells obtained Nef through cell-to-cell contact-dependent trogo-
cytosis and potentially by microvesicles and rapidly started
secretion. While Nef-induced secretion may increase particle
release, the simultaneous exocytosis of microvesicles has
potentially detrimental bystander effects on noninfected cells
and their immune functions.
RESULTS
Nef Alters and Accelerates T Cell Endocytosis
The downregulation of surface receptors by Nef prompted us to
investigate its effect on membrane trafficking using our previ-
ously described Nef-inducible Jurkat cell line (Witte et al.,
2004). The cell line expresses a Nef-estrogen-receptor fusion
protein (Nef-mER) allowing assessment of Nef activity within
minutes after induction by tamoxifen. To analyze membrane traf-
ficking, we employed FM1-43, a water-soluble fluorescent styryl
dye that rapidly inserts into the outer leaflet of the plasma
membrane (PM) and spreads within the endosomal compart-
ments by endocytosis (Betz et al., 1996). Jurkat cells were
induced for Nef activity, and FM1-43 was added simultaneously
to the medium while the cells were monitored by confocal video
microscopy over a period of 20 min. In the majority of Nef-
induced cells (71%), intracellular patches of FM1-43 fluores-
cence were readily detectable after 5–7 min. These patches
enlarged with time and grouped in the Golgi region (GR) (Fig-
ure 1A, middle panels, and Movie S2). Conversely, in 84% of
control cells, FM1-43 fluorescence appeared only after 10–15
min and presented a more scattered membrane proximal pattern
(Figure 1A, upper panels, and Movie S1), likely representing early
endosomes. Strikingly, T cells stimulated with PHA showed the
same staining pattern (81%) and time kinetic as Nef cells (Fig-
ure 1A, lower panels, and Movie S3).
Altered and accelerated endocytosis by Nef was also observed
on the protein level when we analyzed trafficking of the transferrin
receptor (TfR). TfR is found mainly in early and recycling endo-
somes, but accumulates in MVBs after T cell activation by PHA
(Geuskens et al., 1989). Inducible Jurkat cells were stained with
an anti-TfR antibody and were subsequently activated by Nef
or with PHA for 30 min and analyzed by confocal microscopy.
Nef-induced and PHA-activated cells displayed mostly polarized
patches of TfR, typically in the GR and similar to that observed
previously after Nef expression (Atkins et al., 2008; Madrid
et al., 2005). Individual patches appeared in a reduced number
of confocal layers and were more compact and stained brighter
(Figure 1B, middle and lower panels). In contrast, control cells
presented an evenly distributed, punctuate staining pattern in
almost all confocal layers (Figure 1B, upper panels). Importantly,Cell Hostthe relocalization of TfR was not due to a block of endosomal
recycling, since TfR surface levels remained stable within 4 hr
after Nef induction/PHA stimulation (Figure 1C).
Accelerated Endocytosis by Nef Is Linked to Exocytosis
In our live imaging analysis, intracellular FM1-43 patches that
appeared in the GR also moved backward toward the PM and
converted into large and bright globular structures on the cell
surface (1/cell every 2–3 min) (Figure 2A, white arrows, and
Movies S5 and S6). Their appearance on the PM was significantly
increased in Nef-induced (21%) and PHA-activated (27%)
cells (Figure 2A, right graph). Typically, the stained patches
moved toward a defined area of the PM or, upon cell-to-cell
contact, toward the contact zone (Figure 2B, white arrows, and
Movie S8). Conversely, in control cells, they appeared randomly
(Figure 2B, yellow arrows, and Movie S7). In line with the secretion
of large globular structures, endocytic vesicles that were pre-
stained with FM1-43 rapidly decreased after Nef induction, and
clustered vesicles were predominantly affected (Figure 2C, white
arrows). Collectively, these vesicle dynamics were in agreement
with polarized secretion from endocytic organelles identical to
those seen in T cell activation by PHA.
Nef-Induced Exocytosis Leads to the Release
of Large Clusters of Vesicles
In a previous analysis, FM1-43-stained globular structures on the
PM of activated T cells (as in Figure 2A, white arrows) were iden-
tified as exosomes (Fomina et al., 2003). To test this finding, Nef
cells induced for 30 min were analyzed by EM. In comparison to
noninduced cells, we found a 10-fold increase of vesiculated
membrane clusters on the PM, about 5–800 nm in diameter
(Figures 3Ai–iv; quantification in Figure 3C). The clusters were
composed of a large number of vesicles (70 ± 10 nm; n = 30)
surrounded by PM. Importantly, identical membrane clusters
were detected on the surface of PHA-activated cells stimulated
for 30 min (Figures 3Av and S1; quantification of the result in
Figure 3C). The origin and nature of the vesicles within the clus-
ters was not clear. While previous findings (Fomina et al., 2003)
and the high content of CD63 pointed to exosomes, the unusual
generation and release mechanism (see below in Figure 3B)
suggested a different origin. Although we tended to believe
that the vesicles were exosomes, we decided to designate
them as microvesicles or MCs throughout the paper.
MCs Are Released Primarily through
a Budding-like Process
By analyzing multiple EM pictures, it appeared that the Nef-
induced MC release mechanism resembled a budding-like
process (Figure 3B), which occurred very often (65%) at the
site of microvilli formation and protrusions as in Figure 3Ai. First,
small vesicles were seemingly transported from the cytoplasm to
the PM and bulged the PM into a ball-like structure (Figures 3Bi–
ii). Then, the PM apparently ruptured (Figure 3Biii) and released
the MCs (Figure 3Aiv), eventually leaving an empty membrane
compartment behind (Figure 3Biv). Surprisingly, the released
MCs remained coherent and attached in whole complexes to
cell surfaces of bystander cells (Figures 3Bv and S2). In addition,
MCs were also released from large vacuoles located within the
cytosol, producing an opening to the extracellular space. The& Microbe 6, 218–230, September 17, 2009 ª2009 Elsevier Inc. 219
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T Cell Secretion in HIV InfectionFigure 1. Transformed and Accelerated Endocytosis in Nef-Induced Jurkat Cells
(A) Individual images from confocal microscopy Movies S1–S3 (0–20 min) showing accelerated/transformed endocytosis. At time 0, FM1-43 was added to the
medium of Nef-inducible Jurkats (see Experimental Procedures) along with PBS (cont.: Nef-mER expression, no Nef activity), tamoxifen (Nef: Nef-mER expres-
sion and activation), or PHA (PHA: no Nef-mER expression). Subsequently, every 15 s, a picture was taken (20 min total). For each condition, 100 cells were
analyzed by live microscopy, assessing the two different endocytosis patterns as indicated (bar diagram). Error bars show means ± SD from three independent
analyses.
(B) Endocytosis of TfR after stimulation with Nef or PHA. Jurkat T cells were stained with anti-TfR-PE; activated for 30 min by Nef induction, PHA stimulation
(5 mg/ml), or PBS (cont.); and analyzed by confocal microscopy.
(C) Surface levels of TfR after Nef activation and PHA stimulation. Jurkat cells were induced for Nef activity or stimulated with PHA (5 mg/ml) for different time
intervals before being stained with anti-TfR-PE and analyzed by FACS.latter was similar to that expected for MVB fusion with the PM
and was observed more often in PHA-stimulated cells (Fig-
ure S3). Although these images suggested that the Nef-induced
generation of MCs differed from previously described mecha-
nisms (Cocucci et al., 2009; Fomina et al., 2003; The´ry et al.,
2002), they implied that Nef activated a secretion process.
T Cells in HIV Cultures and CD4+ Lymphocytes
from HIV Patients Generate MCs
To confirm that MC generation required Nef, CEMss cells were
infected with a nef+ or a Dnef HIV strain and analyzed by EM
72 hr after infection (as in Figure 4F). In the HIV-nef+ culture,
MCs were detected on 64% of infected cells, as identified by
budding viral particles (e.g., Figure 4A, quantification in 4D). In
contrast, HIV-Dnef cells were almost completely negative for
MCs (1%) (Figure 4D). Thus, increased MC generation induced
by HIV was strictly Nef dependent. Surprisingly, and unusual220 Cell Host & Microbe 6, 218–230, September 17, 2009 ª2009 Elsfor T cells, 28% of cells infected with a nef mutant contained
an increased number of endosomal vacuoles, which harbored
significant numbers of HIV particles (Figure S4).
To assess the relevance of our findings for HIV infection, CD4+
T cells from 4 healthy controls and 10 HIV-infected individuals
(Figure S5A) were analyzed by EM. In HIV patients with a signifi-
cant viral load, MC-generating cell numbers were unexpectedly
high (18%–29%) (Figure 4E, patients 1–5, black bars) and
remarkably similar to the numbers seen in HIV in vitro cultures
(34%) (Figure 4F). Likewise, the morphology and release mech-
anism of the MC clusters seemed identical to that seen in Jurkat
cells (Figure 4B). In contrast, in only one healthy control was an
MC-secreting cell detected (Figure 4C). Treated patients (Fig-
ure 4E, patients 6–10) with low viral loads showed a reduced
but still significant number of MC-positive cells (3%–12%).
We calculated that the probability to detect an MC in a given
cell by EM was 30%–50% (Figure S5B), indicating that theevier Inc.
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T Cell Secretion in HIV InfectionFigure 2. Nef-Induced Endocytosis Is Linked to Exocytosis
(A) Individual images from Movies S4–S6 (5–20 min) demonstrate movement and appearance of FM1-43 fluorescence patches toward/at the PM. Jurkat cells
were treated as described for Figure 1A. White arrows depict the appearance of FM1-43 patches at the PM. For each condition, 100 cells were analyzed by
assessing the appearance of FM1-43 membrane patches within 20 min after stimulation (bar diagram). Error bars show means ± SD from three independent
analyses.
(B) Site-directed movement of FM1-43-stained vesicles toward cell-cell contact sites in Nef-induced cells, but not in noninduced controls (compare white and
yellow arrows). Shown are subsequent images (0, 17, and 20 min after Nef induction from Movies S7 and S8) of Jurkat cells stimulated as described in Figure 1A.
(C) Increased exocytosis in Nef-inducible Jurkat cells demonstrated by a decrease of FM1-43-prestained vesicles. Cells were first stained with FM1-43 (4 hr,
labeling the endocytic compartment), then washed and subsequently activated (Nef induction). Rapidly diminishing FM1-43 clusters are indicated by white
arrows; slowly diminishing scattered vesicles are indicated by yellow arrows.numbers of MC-generating cells were much higher. Based on
these calculations, 36%–87% of circulating CD4 T cells in virae-
mic HIV patients generated MCs (Figure 4E, gray bars). Since
most peripheral T cells are not infected, these high numbers
were unexplained, but could have been caused by immune-acti-
vation mechanisms. However, in in vitro HIV cultures and thus in
the absence of immune-stimulating effects, we also detected
significantly more MC-positive than infected cells. For example,
72 hr after infection of CEMss cells, a representative culture
showed 34% MC-positive cells as assessed by EM (68%–
100% when calculated) versus 24% HIV-positive cells as
assessed by intracellular FACS staining of p24 (Figure 4F). This
suggested that functional Nef was transmitted to noninfected
bystander cells as demonstrated previously (Qiao et al., 2006).
Nef Is Transferred to Bystander Cells by Microvesicles
and Trogocytosis
To demonstrate a potential transfer of Nef onto bystander cells,
we incubated Nef-RFP-expressing with GFP-expressing JurkatsCell Host &in a small volume. After 90 min, 10%–15% (n = 3) of the GFP
acceptor cells revealed an additional Nef-RFP signal (Figure 5A).
Upon closer examination by confocal analysis, Nef transfer
occurred at cell-cell contact sites (Figure 5B, left panel) where
the protein accumulated seemingly through a site-directed
transport of Nef-containing vesicles (Figure 5B, right panel, white
arrows), similar to that demonstrated above with FM1-43 stained
patches (Figure 2B) and below (Figure 5C).
In view of the results in Figures 5A and 5B, we assumed that
Nef transfer could have occurred by two different mechanisms.
First, cytoplasmic Nef could have been secreted and transferred
in microvesicles, as reported recently (Campbell et al., 2008).
Second, PM-associated Nef, in contrast to cytoplasmic Nef,
could have been transferred by the exchange of patches of
PM, a mechanism termed trogocytosis (Joly and Hudrisier,
2003) and previously demonstrated for the transfer of MHC
complexes (Huang et al., 1999).
The first assumption, Nef transfer by microvesicles, was sup-
ported by confocal analyses of Jurkat cells transfected withMicrobe 6, 218–230, September 17, 2009 ª2009 Elsevier Inc. 221
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T Cell Secretion in HIV InfectionFigure 3. Nef-Induced Exocytosis Leads to the Secretion of Microvesicle Clusters at the PM of Nef-Expressing T Cells
(A) Electron micrograph of a Nef-induced (30 min) Jurkat cell (i) with three MCs emerging at the PM magnified in (ii–iv). MC released by a PHA-activated Jurkat cell
is also shown (v).
(B) Subsequent stages of MC generation as described in the text (i–v).
(C) Number of MC-positive cells 30 min after Nef induction/PHA stimulation. For each condition, 100 cells were analyzed by EM. Error bars show means ± SD from
two independent analyses.Nef-GFP, revealing vesicular structures that were transported
from the GR to the PM and seemingly released into the superna-
tant (see arrows in Figure 5C). This finding was confirmed when
we purified microvesicles by a multistep centrifugation proce-
dure (Lamparski et al., 2002) from culture supernatants of Nef-
induced cells and analyzed them for the presence of Nef. In addi-
tion to previously described markers for exosomes (Blanchard
et al., 2002), Nef was clearly detectable by western blot (Fig-
ure 5D, red arrow). Identical results were obtained when linear
sucrose gradient fractions were analyzed accordingly (Figure 5E,
upper panels), confirming the association of Nef with vesicles.
Association of Nef with microvesicles was also observed in
Nef-transfected immature dendritic cells (imDCs), which release
microvesicles on a constant basis (Figure 5E, lower panel).
Next, we asked whether PM transfer (trogocytosis) occurred in
Nef-expressing cells. We coexpressed Nef with a truncated CD8
construct (CT), which lacks the cytoplasmic domain and is highly
PM-associated (data not shown). FACS and confocal micros-
copy revealed an efficient Nef-dependent transfer of CT onto
GFP acceptor cells (Figure 6A, upper graphs). The transfer effi-222 Cell Host & Microbe 6, 218–230, September 17, 2009 ª2009 Elsciency depended on the number of CT donor cells, but reached
a saturation point (1:2 donor/acceptor ratio), suggesting that
cell-cell contact was the limiting factor. Importantly, the same
effect was seen with PHA-stimulated donor cells (Figure 6A,
lower graphs), implying that trogocytosis, like MC secretion,
was a function of T cell activation. Upon closer examination,
Nef-expressing cells seemed to embrace GFP acceptor cells
with filopodia at the contact site (Figure 6B, upper panels; see
also Figure 5B), which eventually pinched off and remained on
the surface of the target cell (lower panels), as described previ-
ously (Williams et al., 2007).
To assess whether Nef-mediated trogocytosis was functional
and would transfer signaling competent receptors/molecules,
a CD8-z (derived from TCR-z) fusion protein was coexpressed
with Nef in donor cells, while acceptor cells received an NFAT-
luciferase reporter. After coincubation, transferred CD8-z was
activated by a-CD8 crosslinking. As shown in Figure 6C,
luciferase activity increased in acceptor cells in a strictly Nef-
dependent manner. Collectively, these results demonstrated
that cell-to-cell contact-dependent trogocytosis and potentiallyevier Inc.
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T Cell Secretion in HIV InfectionFigure 4. MC Secretion from HIV-Infected Cells In Vitro and Primary CD4 Lymphocytes
(A) Protruding MC on the PM of an HIV-infected CEMss cell. Arrows depict budding viral particles. Cells were analyzed 3 days after infection.
(B and C) EM pictures of MC-secreting primary T cells taken from three infected individuals (pat. 1, 2, and 4 in Figure 4E) and one healthy control (C).
(D) MC secretion is Nef dependent. CEMss cells were infected with a nef+ and a Dnef-NL43 strain. Shown are the numbers for 50 visibly infected cells as deter-
mined by budding viral particles assessed through EM 3 days after infection. Error bars show means ± SD from three independent analyses.
(E) MC-secreting primary T cells out of 100 analyzed for ten HIV-infected individuals (details in Figure S4A) and four healthy controls. Black bars represent EC-
positive cells assessed by EM, and gray bars the projected numbers based on calculation (see Figure S4B). Error bars show the possible ± SD of calculated
numbers as explained in Figure S4A.
(F) Actual and calculated numbers of EC-positive cells in an HIV in vitro culture. HIV-positive cells were determined by p24 FACS 3 days after infection (histo-
grams). EC-positive cells were determined by EM (black bars) or calculated as described in Figure S4B (gray bars including error bars).microvesicles caused the transfer of Nef and activated signaling
complexes onto bystander cells.
Nef Induces Secretion of FasL
Since conventional detection systems for secreted microve-
sicles are lacking, we were looking for an additional marker
that would confirm Nef-induced secretion and could be assayed
more easily. One of the best studied markers secreted on vesi-
cles from activated CD4 T cells is FasL (Andreola et al., 2002;
Bossi and Griffiths, 1999; Jolly and Sattentau, 2007; Martı´nez-
Lorenzo et al., 1999). First, we analyzed purified vesicle prepara-
tions from Nef-induced Jurkat cells for the presence of FasL by
FACS. In addition to reported surface markers like CD63 (Blan-
chard et al., 2002), a subfraction of microvesicles (18%) dis-Cell Hostplayed an unusual bright FasL signal that was also detected on
PHA-induced microvesicles but not on the PM of Jurkat cells
(Figure 7A, see arrows). In accordance with this finding, intracel-
lular FasL stores were significantly reduced after Nef induction or
PHA stimulation (Figure S6), as reported previously (Andreola
et al., 2002; Monleo´n et al., 2001).
The copresence of Nef and FasL in microvesicles implied that
both proteins were packaged into compartments bound for
exocytosis. In resting Jurkat T cells, FasL was not found in trans-
port-associated compartments (e.g., late endosomes), as evi-
denced by the lack of colocalization with Rab proteins contained
therein (Rab4, 5, 7, 11) (Savina et al., 2002; Seachrist and Fergu-
son, 2003) (Figure S7). However, after coexpression of Nef, FasL
relocalized to the GR and colocalized with Rab4, 5, and 11 and& Microbe 6, 218–230, September 17, 2009 ª2009 Elsevier Inc. 223
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T Cell Secretion in HIV InfectionFigure 5. Transfer of Nef to Bystander Cells
(A) Detection of Nef-RFP on GFP-transfected Jurkat cells by FACS and confocal microscopy (white arrows). Transfected cells (transfection efficiency 70%–75%)
were mixed at a ratio of 1:1 for 90 min. For control, RFP-transfected cells were incubated with GFP acceptor cells.
(B) Confocal images of the experiment described in (A).
(C) Confocal Z stack analysis of one Nef-GFP-expressing Jurkat cell.
(D) Western blot analysis of Nef-induced microvesicles. Microvesicles were purified as described previously (Lamparski et al., 2002). Aliquots corresponding to 1,
3, and 6 million Nef-induced Jurkats were analyzed for TCR-z, MHCI, and Nef-mER (upper three panels). For comparison, lysates from the producing cells were
analyzed accordingly (lower panels).
(E) Western blot analysis of microvesicles purified by sucrose gradient from culture supernatants of Nef-inducible Jurkats (upper panels) or immature dendritic
cells (imDCs) transfected with Nef mRNA (lower panels). Western blot signals were detected in fractions with a sucrose density of 1.13–1.19 g/ml as determined
by densitometry.Nef. A similar effect was seen upon PHA stimulation (Figure S7).
For confirmation, the analysis was repeated in transfected 293T
cells. Again, upon coexpression of Nef, FasL relocalized to the
GR and colocalized there with Rab4, Rab11, and Nef (Figure 7B,
see arrow, and Figure S8). Together, these data confirmed that
Nef activated exocytosis. Obviously, this included the active
packaging of FasL into secreting compartments, identical to
that seen after T cell activation.
Nef Transfer to Bystander Cells Induces Transsecretion
of FasL
Next, we asked whether Nef protein transduction would transfer
Nef-induced FasL secretion to bystander cells, which could
explain the high numbers of secreting cells found in HIV-infected
individuals. For practical reasons, we termed this assumed
mechanism ‘‘transsecretion.’’ We designed a simple transsecre-224 Cell Host & Microbe 6, 218–230, September 17, 2009 ª2009 Elstion assay as depicted in Figure 7C, scoring for FasL in the
supernatant by CBA (cytokine bead array). We transfected
293T cells with Nef or control DNA and sedimented Jurkat cells
on top by adding them to the culture dish. In order to avoid cell
killing by the released FasL, the Jurkats were transfected with
a FasL point mutant unable to bind Fas. After 12 hr of coincuba-
tion, the supernatant was assayed for FasL. As demonstrated in
Figure 7B, Nef induced significant transsecretion of FasL, which
equaled about 20% of the amount measured in the positive
control (20 mg PHA for 12 hr).
For further confirmation, we asked whether transsecretion
could be demonstrated in primary CD4 T cells. We reasoned
that transsecreting CD4 cells should express CD107a, which is
an established degranulation marker. We repeated the assay de-
picted in Figure 7C, replacing Jurkats with PBMC blasts (see
Experimental Procedures for details). Since secretion is rapidlyevier Inc.
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T Cell Secretion in HIV InfectionFigure 6. PHA-Activated and Nef-Expressing Cells Induce Trogocytosis
(A) Detection of truncated CD8 (CT) on GFP acceptor cells by FACS analysis and confocal microscopy. Donor cells transfected with CT and Nef or control vector
(vec.) (upper graphs; transfection efficiency: 70%–75%), transfected with CT and stimulated with PHA, or left untreated (ctrl.) (lower graphs) were incubated (4 hr)
with GFP-transfected acceptor cells at different ratios as indicated.
(B) Transfer of CT from Nef donor onto GFP acceptor cells by filopodia (see text).
(C) Activation of NFAT in acceptor cells after Nef-induced transfer of CD8-z. Donor cells were transfected with CD8-z and Nef or controls while acceptor cells were
transfected with an NFAT-luciferase reporter (see cartoon). After 4 hr of incubation, cells were crosslinked by a-CD8 and incubated an additional 6 hr before
luciferase activity was measured. For system control (ctrl.), Jurkats were transfected with CD8-z and NFAT-Luc and crosslinked with a-CD8 as described above.
Shown is one representative experiment of four performed.induced, coincubation with Nef-transfected 293T cells was
reduced to 2 hr. Thereafter, the PBMC were stained for CD4
and CD107a and analyzed by FACS. As shown in Figure 7D,
about 20% of the CD4 T cells displayed CD107a and showed
a secretion phenotype similar to PHA-stimulated PBMC blasts
(20 mg PHA for 2 hr).
Nef-Induced Transsecretion Is Erk1/2-Dependent
T cell secretion is a signaling-induced process mediated by
Erk1/2, PKCq, and PI3 kinase (Berg et al., 1998; Puente et al.,
2006; Robertson et al., 2005). We have recently reported that
Nef activates these three kinases through formation of an
hnRNPK-dependent signaling complex (Witte et al., 2008; Wolf
et al., 2008a, 2008b). Both observations implied that the Nef-
associated hnRNPK complex activated secretion. In fact, in
our Nef transsecretion assay, an inhibitor of Erk1/2 (U0126)
potently blocked FasL release from Jurkat cells (Figure 7E). Con-
firming these findings, a Nef mutant (CD8-Nef fusion protein)
unable to activate Erk1/2 (CND11-40) (Wolf et al., 2008b) failed
to induce FasL release (Figure 7E). U0126 also blocked PHA-
induced secretion, implying that the Nef-hnRNPK complex stim-Cell Host &ulated the same secretion pathway activated by the TCR (Fig-
ure 7E). This was expected, since (1) we found no phenotypical
or functional difference between Nef- and PHA-induced secre-
tion (Figures 1–3) and (2) we had demonstrated that the
hnRNPK-dependent signaling complex also formed after TCR
activation (Wolf et al., 2008b). Collectively, these assays
confirmed our assumption that Nef transfer to bystander cells
induced an Erk1/2-dependent signaling pathway that caused
T cell secretion.
DISCUSSION
In this report, we suggest that Nef-activated membrane traf-
ficking is bidirectional and identical to that in activated T cells.
Phenotypical hallmarks of this process are a sustained microve-
sicle secretion and an induction of PM transfer (trogocytosis).
The physiological functions of both processes are not known,
and therefore their role in HIV infection and pathogenesis remain
unclear for now. However, in addition to other mechanisms
(Sowinski et al., 2008), these events may lead to the efficient
spreading of Nef and Nef-induced activation events to bystanderMicrobe 6, 218–230, September 17, 2009 ª2009 Elsevier Inc. 225
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T Cell Secretion in HIV InfectionFigure 7. Nef Transfer to Bystander Cells Induces Secretion of FasL
(A) Microvesicles from Nef/PHA supernatants were analyzed by FACS. For comparison, the secreting Jurkat cells were analyzed accordingly (lower graphs).
(B) Confocal analysis of 293T cells transfected either with RFP or Nef-RFP along with FasLY218A (unable to bind Fas) and Rab11-GFP as indicated. Note that
colors were changed for better analysis.
(C) Nef induces FasL transsecretion. Nef-transfected 293T cells were incubated for 12 hr with FasLY218A-transfected Jurkat cells, as depicted in the cartoon,
before supernatants were assayed for FasL by cytokine bead array (CBA). Jurkats stimulated with PHA (20 mg/ml, 12 hr) served as control. Values represent the
mean ± SD of three independent experiments, each performed in duplicate.
(D) PBMC blasts (see Experimental Procedures) incubated for 2 hr with Nef-transfected 293T cells were analyzed for CD107a and CD4 by FACS. Controls were
stimulated with PHA (20 mg/ml, 2 hr).
(E) Nef-induced transsecretion is Erk1/2 dependent. 293T transfected with CD8-Nef chimeras were incubated with Jurkats in the presence/absence of an
Erk-inhibitor (U0126). Supernatants were assayed for FasL after 12 hr. Values represent the mean ± SD of three independent experiments, each performed in
duplicate.
(F) Proposed model of transfer of infected cell signaling (TOS) by HIV. Nef expression (i) induces the activation of an Erk1/2-dependent secretion pathway, which
causes (ii) the packaging of FasL and Nef into secreting compartments, (iii) the secretion and attachment of MC to bystander cells, and (iv) the induction of
trogocytosis. This leads to the transfer of Nef and induction of secretion in bystander cells.cells. This could explain our observation that most noninfected
CD4 T cells in viraemic HIV patients display a secretion pheno-
type, which likely affects their functions and contributes to
immunodeficiency.
The mechanistic connection between Nef-mediated receptor
endocytosis and HIV pathogenesis is difficult to understand, in
part because many receptors are affected and some, like CD8,
are generally not found on infected cells. In activated T cells,
like in other stimulated cells, endocytosis and exocytosis are
coordinated events that ensure a balanced cycling of membranes
(Gundelfinger et al., 2003; Morris and Homann, 2001). Therefore,
increased endo- and exocytosis are two sides of the same coin,
and T cell secretion could be the pathogenesis-relevant process
caused by Nef. The latter would help to explain the detrimental
trans-effect on noninfected cells seen in HIV infection. Likewise,
the seemingly separate actions of Nef, activation of TCR signaling
(Baur et al., 1994; Simmons et al., 2001) and receptor endocytosis226 Cell Host & Microbe 6, 218–230, September 17, 2009 ª2009 Els(Garcia and Miller, 1991), may serve one function, namely the
activation of membrane trafficking. In line with this assumption,
a Nef mutant defective for Nef signaling (CND11-40) was unable
to stimulate transsecretion.
There is ample evidence that polarized secretion toward cell-
cell contact sites increases the spread of HIV infection (Fais
et al., 1995;Haase, 2005; Johnson and Huber, 2002; Jolly and Sat-
tentau, 2007; Pearce-Pratt et al., 1994). Similarly, HTLV-I induces
polarization of the cytoskeleton for optimal cell-to-cell transmis-
sion (Igakura et al., 2003). It is likely that Nef-activated secretion
assists this process, guiding viral proteins to cell-cell contact sites.
Several observations support this assumption. First, we noticed
that cells infected with a nef mutant contained compartments
with viral particles. The latter is unusual for T cells (Ono and Freed,
2001; Pelchen-Matthews et al., 2003) and could be explained by
the lack of polarized secretion. Second, optimal particle release
required Nef-induced cytoskeleton rearrangements (Facklerevier Inc.
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T Cell Secretion in HIV Infectionet al., 1999; Lu et al., 1996). Third, gag and env proteins are trans-
ported to the PM by a Nef-dependent process (Argan˜araz et al.,
2003; Dong et al., 2005; Sandrin and Cosset, 2006; Schiavoni
et al., 2004). In summary, Nef-induced exocytosis may facilitate
viral protein transport in a site-directed manner for optimal cell-
to-cell transmission.
As shown here, Nef transduction includes the transfer of Nef-
associated signaling activities to bystander cells. Recent publi-
cations support our findings demonstrating the presence of
signaling-competent Nef in B cells (Qiao et al., 2006), the transfer
of HIV viral proteins by nanotubes (Sowinski et al., 2008), and the
transfer of Nef by vesicles (Campbell et al., 2008). Together with
our report, a picture of HIV infection emerges that seems to
involve bystander cells, potentially with a specific functional
role in the viral life cycle. Since the viral protein transfer is efficient
and functional, this mechanism may be best described as trans-
fer of infected cell signaling, or TOS (Figure 7F). Interestingly,
a comparable viral protein transfer has been described previ-
ously for vp22 and HSV-1 (Elliott and O’Hare, 1997), although it
did not seem to involve cell signaling.
What could be the relevance of TOS for the viral life cycle? At
present, this is not clear, but we have obtained data pointing to
a role in HIV replication (K.K., unpublished data). Here, we
demonstrate that at least a fraction of the T cell-derived vesicles
contained FasL. We would therefore speculate that MCs, with
their high density of surface receptors, affect target cells in
multiple ways, and induction of apoptosis by FasL could be
one consequence, for example to fight off attacking CD8 cells.
The latter would be in line with previous findings in monkeys,
correlating Nef-induced FasL upregulation with immune escape
from CTL (Xu et al., 1997).
In summary, our report supports the assumption that immune
dysfunction in HIV infection is caused by nonphysiological T cell
stimulation and suggests that extensive MC secretion has detri-
mental bystander effects.
EXPERIMENTAL PROCEDURES
The Nef-Inducible Cell Line
Previously, we described a Jurkat cell line that is inducible for a Nef-estrogen
receptor fusion protein (Nef-mER) (Witte et al., 2004). Briefly, a fusion protein
between Nef and the tamoxifen-sensitive mutant of the estrogen receptor
(Nef-mER) was cloned under the control of a tetracyline-inducible system
(Invitrogen), and a stable cell line was established. Addition of doxycyclin
(dox) (overnight) results in expression of an inactive Nef protein with minor
background Nef activity, whereas addition of tamoxifen (tam) activates Nef
within minutes (Witte et al., 2004).
Cells, Antibodies, and mRNA Transfection
The Nef-inducible Jurkat cell line (Jurkat Nef-mER) was cultured in RPMI 1640
supplemented with 10% FBS (GIBCO; Carlsbad, CA). 293T cells were cultured
in Dulbecco’s minimal essential medium supplemented with 10% FBS. ImDC
differentiation and electroporation with mRNA were performed essentially as
described previously (Schaft et al., 2005). Briefly, CD4 T cells were washed
once with RPMI and once with PBS at RT and resuspended to a final concen-
tration of 403 106 cells/ml in phenol-free Opti-MEM medium (GIBCO). Subse-
quently, 200 ml of the cell suspension was mixed with 10 mg of in vitro tran-
scribed mRNA and electroporated by a Bio-Rad Gene Pulser Xcell with
square wave program at 500V for 0.5 ms in a 0.4 cm cuvette.
Anti-CD71 antibody (DF1513; Santa Cruz Biotechnology; Santa Cruz, CA);
anti-FasL (NOK1, G247-4; BD Pharmingen; San Diego, CA); anti-z chain
(6B10; Biocarta; San Diego, CA); anti-HLA-A,B,C (G46-2.6; DAKO; Glostrup,Cell Host &Denmark); anti-HLA-DR (TAL.1B5; DAKO); anti-CD63, anti-CD45, anti-CD2,
and anti-CD3 (BD PharMingen); anti-CD107a (H3A4, BD Biosciences; San
Jose, CA); Alexa Fluor 488/647-conjugated goat anti-mouse IgG (Molecular
Probes; Carlsbad, CA); and anti-AU-1 (BAbCO; Richmond. CA) were used
according to the manufacturers’ instructions. The sheep anti-Nef serum was
kindly provided by M. Harris (Leeds) and used at a 1:5000 dilution.
Transsecretion and CD107a Degranulation Assay
293T transfected cells (23 105) (Nef, empty vector, CD8-Nef [CN], CND11-40,
CT [CD8 truncated], see Wolf et al., 2008b for details) were seeded into a 96-U-
bottom well. Subsequently, 1 3 105 Jurkat cells, which had been transfected
24 hr before with FasL mutant FasLY218A, unable to bind Fas, were added.
After 12 hr of coincubation, cell-free supernatants were assayed for FasL by
CBA (BD Biosciences) according to the manufacturers’ procedures. For posi-
tive control, 1 3 105 Jurkats were stimulated with PHA (20 mg/ml) for 12 hr.
To assay CD107a on primary CD4 bystander cells, fresh PBMCs were stim-
ulated overnight with 1 mg/ml PHA, washed, and cultivated with IL-2 (10 U/ml)
for 3 more days. Thereafter, and for each condition, 53 105 PBMC blasts were
taken up in Monensin (2 mM) and 10 ml of CD107a-FITC antibody and placed on
top of 4 3 105 transfected 293T cells in a 48-well plate (total volume 100 ml).
Cells were coincubated for 2 hr before PBMCs were harvested, washed,
stained with CD4-PE, and analyzed for CD4 and CD107a by FACS. For positive
control, PBMC blasts were stimulated with PHA (20 mg/ml) for 2 hr and
analyzed accordingly.
Virus Preparations and Infections
Production of viral particles and infection of CEMss were essentially performed
as described previously (Schiavoni et al., 2004). All HIV-1 molecular clones (WT
and Dnef) were derivates of the NL4-3 strain. Virus stocks were obtained from
transiently transfected 293T cells. Briefly, 293T cells were transfected with
30 mg of proviral DNA by calcium phosphate/DNA coprecipitation. Superna-
tants were harvested 48 hr after transfection, laid on top of a 20% sucrose
cushion, and centrifuged at 100,000 g for 2 hr. Virus preparations were titrated
by both anti-p24 Gag quantitative ELISA (Abbott; Abbott Park, Illinois)
and reverse transcriptase assay. Infections of CEMss were performed by
absorbing the virus inoculum onto cell pellets for 1 hr at 37C. Infection effi-
ciency was evaluated 72 hr after infection by p24 intracellular FACS staining.
FM1-43 Staining and Video Microscopy
Nef-inducible Jurkat cells were placed on poly-L-lysine-coated Lab-Tek II
chambered glass slides (Fisher Scientific; Schwerte, Germany) covered with
500 ml of RPMI 10% FBS. Subsequently, 3.5 mM FM1-43 (Molecular Probes)
was added along with tamoxifen, PBS, or 5 mg/ml PHA. Images were taken
by time-lapse video fluorescence microscopy using a Video (Spinning Disk)
Confocal Microscope (CARV) equipped with a Zeiss Axiovert 200 microscope,
10–663. For FM1-43 excitation, light was filtered with a 485/506 nm and
emitted light was collected with a 595/750 nm bandpass filter. Images were
acquired with a 2 3 2 binning at a rate of 1 frame every 15 s.
Immunofluorescence
Jurkat Nef-mER cells were placed on poly-L-lysine-coated cover glass. Cells
were fixed in 4% paraformaldehyde (Sigma; St. Louis), quenched for 10 min
with 0.1 M glycine in PBS, and permeabilized with 0.1% Triton X-100 (Sigma)
in PBS. Cells were then blocked with 1% BSA and stained with the respective
antibodies. In the TfR internalization assay, Jurkat Nef-mER cells were first
stained with an anti-TfR antibody (4C) followed by a Texas Red-coupled
anti-mouse IgG secondary antibody (4C). Cells were then induced for Nef
activity or stimulated with 5 mg/ml PHA and cultured at 37C for the times indi-
cated. Cells were finally placed on polylysine-coated cover glass, fixed, and
analyzed using a Zeiss LSM 510 Confocal Laser Scanning Microscope
(CLSM).
FACS Analysis of Cells
One hundred thousand cells were washed twice in FACS buffer (2.5% FBS in
PBS) and stained with the respective antibodies. Intracellular staining of FasL
was performed by permeabilizing cells with 70% methanol (20C for 30 min)
followed by anti-FasL (G247-4) or FITC-conjugated anti-mouse IgG staining.
Cells were analyzed using a FACSCalibur flow cytomer (BD Biosciences)Microbe 6, 218–230, September 17, 2009 ª2009 Elsevier Inc. 227
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apoptosis was performed by Annexin-V staining (BD PharMingen) 15–24 hr
after incubation with exosomes.
Isolation and Purification of Microvesicles
Microvesicle purification was conducted as previously described (Raposo
et al., 1996). Briefly, cellular supernatants from 403 106 Jurkat Nef-mER cells
were collected 24 hr after Nef induction and PHA activation (1 mg/ml). Super-
natants were centrifuged for 20 min at 1,200 g, 30 min at 10,000 g, and 1 hr at
100,000 g. Pellets were resuspended in 30 ml PBS and centrifuged again at
100,000 g for 1 hr. Pellets were solubilized in 50 ml PBS and considered as
exosome preparations. For further purification, exosome pellets were resus-
pended in 5 ml of 2.5 M sucrose, 20 mM HEPES/NaOH [pH 7.2], and a linear
sucrose gradient (2–0.25 M sucrose, 20 mM HEPES/NaOH [pH 7.2]) was
layered on top of the microvesicle suspension. The samples were then centri-
fuged at 100,000 g for 15 hr. Gradient fractions were collected, diluted in 3 ml
PBS, and ultracentrifuged for 1 hr at 100,000 g. Pellets were solubilized in SDS
sample buffer and analyzed by SDS-PAGE and western blotting.
FACS Analysis of Microvesicles
FACS analysis of bead-coupled microvesicles was performed as previously
described (Blanchard et al., 2002). Briefly, microvesicles prepared from cell
supernatants were incubated with 5 ml of 4 mm diameter aldehyde/sulfate latex
beads (Interfacial Dynamics; Portland, OR) in a final volume of 20 ml for 15 min
at RT; 10 mg BSA was then added to each sample and incubated for 15 min.
This step was followed by a 75 min incubation period in 1 ml PBS with gentle
shaking. Microvesicle-coated beads were washed twice in FACS buffer and
resuspended in 400 ml FACS buffer. Microvesicle-coated beads (30 ml) were
incubated with each antibody, followed when necessary by incubation with
a FITC-conjugated antibody, and analyzed by FACS.
Transmission Electron Microscopy
For transmission electron microscopy (TEM), cells were fixed in 0.1 M sodium
cacodylate buffer containing 2.5% glutaraldehyde (pH 7.2) at RT for 20 min.
After washing three times in 0.1 M sodium cacodylate, cells were postfixed
in 1% osmium tetroxide in the same buffer. After 1 hr of incubation at RT, cells
were dehydrated through a graded series of ethanol solutions and finally
embedded in Agar 100 epoxy resin. Thin sections were stained with lead
citrate and uranyl acetate and examined with a Philips 208 s electron micro-
scope.
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